A stress corrosion cracking (SCC) test was carried out at room temperature in aqueous solutions containing both H 2 SO 4 (0-5.5 kmolÁm À3 ) and NaCl (0-4.5 kmolÁm À3 ), in order to study the influences of both solutes on the corrosion type of SUS304 steel. The two solutes have synergistic influence on the corrosion type, that is, SCC and general corrosion occur within a specific concentration range and elsewhere, respectively. For a constant H 2 SO 4 concentration the mass loss of corrosion shows a V-shape when it is plotted against NaCl concentration. On the other hand, maximum crack length of the SCC increases with increasing NaCl concentration up to a certain value, and then decreases. This gives a nearly inverse V-shape curve. In addition, the NaCl concentration ranges for the minimum mass loss and for the maximum crack length are almost the same. It was also confirmed that NaCl concentrations showing the minimum mass loss and the maximum crack length are inversely proportional to H 2 SO 4 concentrations.
Introduction
SUS304 steel, meta-stable austenitic stainless steel, has excellent corrosion resistance, workability, and weldability, in addition to good malleability and high toughness. Hence, this steel is used in wide range of environment. However, even though the stainless steel is corrosion resistant, it is corroded with a variety of corrosion modes in severe service environments. In particular, stress corrosion cracking (SCC) is one of the most significant corrosion issues concerned. SCC occurs in a form of local cracking, when the material under tensile stress is exposed to an environment specific to the material.
Acello and Green 1) reported first that SCC occurs to a Ubend SUS304 steel specimen in relatively short period at 303 K in aqueous solutions of H 2 SO 4 -NaCl. After this report many researchers [2] [3] [4] [5] [6] [7] [8] dealt with the SCC in these solutions, and they 5, 7) reported that the SCC occurs in a particular concentration range of NaCl and in the other range general corrosion occurs or cracking is suppressed.
On the other hand, Tsujikawa et al. [9] [10] [11] [12] [13] [14] [15] performed the SCC studies where specified potentials were applied to the specimens, and measured the dissolution rates at the crack paths as well as the other areas. They reported 14) that the cracking occurs only when the dissolution rate at the crack paths is larger than that at the other areas.
In these studies, however, stress value and degree of plastic deformation were unclear, because the specimens were strained to plastic deformation by the U-bend loading. In addition, the concentration range of NaCl where SCC occurs was reported for specified levels of [H 2 SO 4 ] (Square bracket means concentration throughout this paper except for figures.), but the concentration ranges of H 2 SO 4 and NaCl tested were rather limited. There seems to be no report that dealt with SCC over wide concentration ranges of H 2 SO 4 and NaCl. Further, Tsujikawa et al. measured crack length under varying potentials in only one kind of solution, and no results for the other solutions.
Nishimura et al. 16, 17) studied the SCC in aqueous solutions containing H 2 SO 4 and NaCl, which are similar to those used in this study. They reported the occurrence of SCC at 353 K in solutions of [NaCl] ranging from 0 to 1.0 kmolÁm À3 with a constant [H 2 SO 4 ] of 0.82 kmolÁm À3 . They dealt with quantitative influence of the corrosion environment on the propagation of localized corrosion by measuring the elongation rate of the specimen under SCC conditions with a constant stress. However, specification of the areas for cracking over varying [H 2 SO 4 ] and [NaCl] was excluded, and the correlation of the area with the crack propagation rate was also excluded.
On the basis of the above background the authors dealt with the SCC characteristics of SUS304 steel in aqueous solutions containing H 2 SO 4 and NaCl, where [H 2 SO 4 ] and [NaCl] were widely varied. Their concentration ranges where SCC occurs were experimentally clarified. The amount of total corrosion and the crack length were measured as criteria of SCC behavior, and the relationship between them was investigated.
Experimental Procedures

Specimen
A commercially available SUS304 stainless steel sheet of 2 mm thickness was used. Its chemical composition is shown in Table 1 . Coupon specimens measuring 50 Â 15 Â 2 in mm were machined out of the sheet. They were annealed in a vacuum furnace at 1353 K for 1.8 ks and quenched into ice water for avoiding the influence of cold rolling and deformaton-induced martensite due to cutting, and for obtaining a fully austenitic structure, which was confirmed by X-ray diffractometry.
Preparation of corrosion test solutions
The Fig. 1 , was used for loading the specimen. It is possible to apply desired bending stress to the specimen by rotating the central bolt made of polyvinyl chloride. A uniaxial strain gage was stuck on the specimen along the longitudinal direction for precise strain measurement. The stress applied to the specimen was obtained by multiplying the strain and the Young's modulus of austenitic stainless steel. Through these methods the stress at the specimen surface was adjusted to be 278 MPa and the residual surface strain to be 0.29%.
The specimen surface was wet-polished with a series of waterproof Emery papers of up to #2000, washed in alcohol, and then ultrasonically cleaned in acetone for 300 s. A test solution of about 470 mL was put in a 500 mL beaker and the whole was set in a chamber at 303 K for more than 3.6 ks for controlling the amount of dissolved oxygen to be constant.
Then, the specimen fixed to the bender, hence stressed, was immersed in a test solution at 303 K for 259.2 ks (3 d). A mass of the specimen was measured with a balance before and after the immersion test, and a corrosion mass loss per surface area, Ám, was obtained.
After the SCC test the specimen was cut in parallel to the direction of stress and normal to the surface with a thin cutting wheel. Then, a piece of the specimen was mounted in resin, cross section was polished similarly as shown before, and further polished to a mirror finish using a buff cloth for observation. The specimen was subjected to electro etching in an aqueous solution of 10 mass% oxialic acid at 6 V for about 120 to 180 s at room temperature followed by been rinsed and dried for revealing its microstructure. Then, the cross section was observed by scanning electron microscopy (SEM) and crack depth was obtained. Figure 2 shows typical SCC feature obtained in the cross section. The top in the figure is the surface area exposed to the test solution and the stress direction is horizontal. As you can see in the figure tree-like crack propagation and surface roughening were observed. Some of the cracks seem to have initiated as grain boundary corrosion, followed by its propagation. Semi-circular crack tips with radius of 2.5 mm were observed, where the dissolution of the specimen seems to have been enhanced by the stress.
Experimental Results and Discussion
Influences of [H
In addition, the cracks ran along grain boundaries and also through grains. Even some of short cracks ran through the both. These observations allow us to conclude that the corrosion mode is a mixture of transgranular-type SCC and intergranular-type SCC. Fig. 4 . The observation that the metal loss resulted from semi-circular tipped cracks, shown in Fig. 4 Fig. 6 .
The above mentioned SCC characteristics as shown in Fig. 3 This characteristic point will be discussed below by referring to Sato's article. 19) Sato explained the influence of OH À and Cl À on the active dissolution of metal in the following manner. First each of the both anions enhance the active dissolution of Fe. Second, however, in the solution containing both the species their influence on the dissolution is not simple and they compete with each other. Sato reported Fig. 8 for explaining 20) and others. [21] [22] [23] According to his report 19 Fig. 7 , where minima are taken as the transition concentrations. In addition, the plots corresponding to the occurrence of SCC are shown by open marks in Fig. 7 , and they are located near the minima of Ám, though there are slight disagreements.
Influence of [H 2 SO 4 ] and [NaCl] on crack length
As it was found that the maximum crack length varies with [H 2 SO 4 ] and [NaCl], the crack length after a constant immersion time was measured as an SCC parameter. The representative results are shown in Fig. 9 where the maximum crack length is plotted against [NaCl] A similar plot is made in Fig. 11 , where three plots of [NaCl] which indicates the maximum peak of crack length is shown for each [H 2 SO 4 ]. The cases with two or one sign mean that the cracking was found only for these concentrations. These points fall nearly in the band shown by the broken line, showing a similar characteristic to Fig. 10 . The bands in these two figures locate almost the same place.
The minimum peak of Ám means that the dissolution rate at the area without crack paths is minimized by the competitive adsorption between OH À and Cl À . Because of this the specimen becomes thinner with the lowest rate, but these anions have no influence on the dissolution rate at the crack paths. The band area in Fig. 10 for showing minima of Ám, but this band is referred to as a boundary indicating two areas and its location agrees well with the line separating the areas in Fig. 12 as described below. Figure 12 shows the areas according to Sato's concept, where corrosion by the hydroxide mechanism or that by the chloride mechanism prevails. He separated the area clearly by the straight line, along which the corrosion is suppressed. Therefore, the concentration area showing the minimum peak of Ám in Fig. 10 can be explained by Sato's concept. In addition, since the band area in Fig. 10 agrees approximately with that in Fig. 11 , it can be concluded that within these band area a set of particular conditions is attained for SCC to take place. From the agreement between the band areas in Figs. 10 and 11 , it can be said that significant competition between OH À and Cl À takes place resulting in a minimum peak of the corrosion mass loss at areas without crack paths.
However, under the particular set of conditions, when the specimen is stressed, several times of the applied stress would operate at the crack tips owing to stress concentration which can be simulated by opto-elasticity. At such crack tips the dissolution seems to occur by a mechanism induced by the stress rather than by the competitive influence between OH À and Cl À . Then, the dissolution mechanism at the crack tip seems to be different from Sato's. Therefore, the dissolution mechanism at the crack paths and at the other area are very different, even though the chemical composition is the same. One of the influential factors is stressinduced martensite transformation. This is another topic for a future study.
Conclusions
The main results obtained in this study are summarised as follows.
(1) The SCC takes place for SUS304 steel in aqueous solutions containing H 2 SO 4 and NaCl of particular concentration ranges, and general corrosion occurs in the solutions of the other concentration ranges. (2) General corrosion takes place in aqueous solutions containing either H 2 SO 4 or NaCl of any concentrations tested (3) The corrosion mass loss of SUS304 steel immersed in aqueous solutions containing H 2 SO 4 and NaCl shows a minimum against NaCl concentration for a constant H 2 SO 4 concentration. This V-shape trend can be explained from the transition from hydroxide mechanism to chloride mechanism for the anodic dissolution proposed by Sato. (4) The crack length due to SCC in aqueous solutions containing H 2 SO 4 and NaCl shows a maximum peak against NaCl concentration for a constant H 2 SO 4 concentration. (5) The concentration ranges of NaCl for the minimum peak of corrosion mass loss in (3) and for the maximum peak of crack length in (4) are approximately the same for constant H 2 SO 4 concentrations. 
